A stochastic model of gene-culture coevolution, suggested by the "culture historical hypothesis" of Simoons and McCracken, is presented. According to this hypothesis, adult lactose absorption, believed to be an autosomal dominant trait, attained a high frequency in some human populations due to the positive selection pressure induced by culturally determined milk use in those populations. Twodimensional Kolmogorov backward equations with appropriate boundary conditions are derived for the ultimate fixation probability of milk users, of the gene for adult lactose absorption, and of both jointly, and for the average time until fixation of the gene. These boundary value problems are solved numerically by the Gauss-Seidel method. I define a theoretical measure of the correlation between gene and culture in terms of the three ultimate fixation probabilities. Monte Carlo simulations are conducted to check and extend the numerical results and also to obtain the first arrival time at gene frequency 0.70, which is approximately the highest observed frequency in any population. Two results that pertain to the culture historical hypothesis are obtained. First, the incomplete correlation observed between adult lactose absorption and milk use does not necessarily constitute evidence against the hypothesis. Second, for the postulated genetic change to have occurred within the 6000-year period since the advent of dairying, either the effective population size was of the order of 100, or, if it was of larger order, the selection coefficient probably had to exceed 5%.
It has been proposed that the high frequency of adult humans able to digest and absorb the sugar lactose (adult lactose absorption, ALA) in some populations is the evolutionary consequence of a positive selection pressure induced by culturally determined milk use in those populations. Assuming a genetic basis for ALA, the "culture historical hypothesis," independently proposed by , stands mainly on the observed correlation between the degree to which adults in a population have traditionally consumed and been dependent on milk and the frequency of lactose absorbers in that population. It has also been pointed out, on the basis of deterministic calculations with a purely genetic model in which all lactose absorbers are tacitly assumed to be milk users, that there has been sufficient time for the genetic trait to have evolved since the advent of dairying some 6000 years ago (4, 5) .
Unfortunately, a precise coevolutionary perspective is lacking in the arguments of Simoons and McCracken, thus eliciting some pertinent criticisms (6) . By a coevolutionary perspective, I mean an interactive view of genetic and cultural variation, such that the evolutionary increase of a genetic variant and an associated cultural variant are mutually dependent. In this paper, I present and analyze a gene-culture coevolution model of ALA and milk use. This problem in "cultural genetics" (3) is very suitable for the interplay between theory and observation for the following reasons. First, present evidence strongly suggests an autosomal dominant mode of inheritance for ALA (7, 8) . This justifies a simple monogenic model, and the predictions from such a model are realistic. Second, archaeological and zoological data exist delimiting the time available for genetic change (see ref. 9 for review). Third, there exist extensive data on the codistribution of the genetic trait and the cultural characteristic, as mentioned above.
The model is stochastic, including the effects of random sampling drift, to allow for the possibly small size of local human populations of prehistoric times. I address three questions pertaining to the culture historical hypothesis, although definite answers are, unfortunately, not forthcoming. The first question concerns the correlation expected between ALA and milk use. It is shown that the incompleteness of the observed correlation, sometimes adduced as evidence against the hypothesis (10) , is actually to be expected on a stochastic model. The second question concerns the average time until fixation of the gene for ALA. When selection is induced by culture, the rate of gene frequency change may be slower than for a purely genetic trait (11, 12) , and quantitative estimates of the retardation effect will be obtained. The third question concerns first arrival time. It should be noted that for populations from which large samples have been obtained, the estimated frequency of the gene for ALA lies mostly between 0.05 and 0.70 (2) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The model life cycle, depicted in Fig. 1 , has discrete generations with partial overlap to permit cultural transmission. The variables y, y', and Y stand for the (relative) frequency of milk users; p, p', and P for the frequency of the gene for ALA. An individual of the offspring generation adopts either of the two cultural phenotypes by observational learning from the adults of the parent generation ("oblique transmission," ref. 13) . A lactose absorber becomes a milk user with probabilityfly), in which y is the frequency of milk users among the adults of the parent generation, and a nonuser with probability 1 -fly). The corresponding probabilities for a malabsorber are g(y) and 1 -g(y). Since malabsorbers may develop disagreeable symptoms upon drinking milk, it is reasonable to assume fly) _ g(y).
Although there are four phenotypes (and six pheno-genotypes, see Table 2 ), the assumption of oblique transmission permits us to describe the dynamics in terms of the two variables y and p (14) .
Cultural transmission is followed by natural selection according to the scheme described previously. The deterministic equations for the change in y and p after random mating, cultural transmission, and natural selection are W' (1 - [lb] where q = 1 -p, and W is the mean fitness defined by 
The crucial assumption to be elaborated below is that a(y) and b(y) are both small in absolute value. In particular, the assumption on a(y) implies that not all lactose absorbers are necessarily milk users. I also assume that the selection coefficient, s, is small. Thus the frequency of milk users and the gene change gradually over the generations. These assumptions are technically necessary tojustify the diffusion approximation made below. Moreover, they are what make the model truly coevolutionary. Since a(y) is assumed small, Eqs. 2 and3b show that therate ofgene frequency change can be very slow when y is small.
After the deterministic processes just described, random sampling of N individuals occurs from among the survivors at stage 2. The sampling follows a multinomial distribution with probabilities given in quena(y) = b(y) = cy(l -y)(2y -1), [6] with c nonnegative and small. This is an example of a "trend watching" function (12) . When c > 0, Eq. 6 implies resistance to a "culturgen" when rare, with accelerated acceptance after it achieves a majority. [7] where the arguments have been suppressed. This is the correlation between two two-valued random variables assigned the values 0 or 1 corresponding to loss or fixation.
The partial differential equation satisfied by ul. is [9b]
The boundary conditions on u.1 are U.1(0, p) = p, u.1 (1, p) [P iH(p, s)dp/ {H(p, s)dp [la] u.1(y, 0) = 0, u.1(y, 1) = 1.
[lOb]
Finally, the boundary conditions on u1l are U11(0, p) = 0, u11 (1, p) [P = {H(p, s)dp/ {H(p, s)dp [lib]
The integrals in the boundary conditions were evaluated numerically by Simpson's rule. For each ultimate fixation probability, Eq. 8 subject to the appropriate boundary conditions was solved numerically by the Gauss-Seidel method (18) (19) (20) [14b]
where u(x) = u.1(1, x) and w(x) = 4 fhH(p, s)dp/[x(1 -x)H(x, s)]. The integrals in Eq. 14a were evaluated numerically by Simpson's rule. In applying the Gauss-Seidel method to this boundary value problem, a striking discretization error occurs. It was found that the error could be made negligible by assunting the following ad hoc boundary condition at p = 1 (i.e., j = m).
Letting zu = z(hi, hj), put Zim = 4(2loge2 -1)/m for 0 ' i ' m rather than the more natural Zim = 0. In fact, this ad hoc condition is a necessary condition for the analytical solution of the neutral case Ns = Nc = 0 to satisfy the corresponding finite difference equations at the interior points (i, m -1) of the lattice. The validity of this correction factor was checked for some sets of parameter values by solving with m = 100 subject to the more natural boundary condition.
There are effectively two parameters Ns and Nc in the specific model defined by Eq. 6. The population size N does not occur independently. In applying the results from the idealized model to reality, it should be remembered that N is an effective population size, which is not equivalent to the census size. Although an effective size has not been rigorously defined in a gene-culture coevolution model, for our purposes it seems safe to say that it is about one-third the census size.
RESULTS
The main results are presented in Figs. 2 and 3 Fig. 3 suggests that the effective population size must have been about 100, or if much larger, say even 500, that the selection coefficient in favor of the ALA milk use phenotype probably had to exceed 5%. It goes without saying that for smaller initial values of y and p, the time will be longer.
The maximum rate of gene frequency change is achieved when all lactose absorbers are milk users, and thus the retardation effect should be smaller if a(y) and b(y) are positive. However, although one may assume a(y) > 0, it seems realistic, that b(y) < 0. That is, milk use may be attractive to lactose absorbers but not so to malabsorbers. Let a(y) = ay(1 -y) and b(y) = by(l -y) with constant a > 0 and b < 0 (details of this attraction-repulsion model will be published elsewhere). Then, an equation analogous to Eq. 15 giving the deterministic time for genetic change can be obtained. Interestingly, if a = 0.01, b = -0.01, and s = 0.1, and if initially y = p = 0.05, the time required for the gene frequency to increase to 0.70 is 248 generations, giving a retardation factor of4.09. The retardation effect is larger than if a(y) = b(y) = 0, which is the case considered in detail above.
Most likely, dairying and milk use originated in northern Mesopotamia (21) . However, the gene for ALA probably existed in low frequencies in other areas as well. With the spread of culture (and genes) into Europe and elsewhere, coevolution of the type considered in this paper may have occurred in the local populations. Genetic and cultural migration, which I have ignored in this paper, should be taken into account in a more refined model. Furthermore, it is believed that the milk use culturgen spread to northern Europe within about 1000 years of its origin (9, 21) , which seems to imply that it was attractive. This observation and my assumption 6 are apparently inconsistent, but recall the above discussion on the attraction-repulsion model. There remain many unanswered questions, including the exact nature of the selection factor (8, 22, 23) .
